We investigated the role of informative feedback on the neural correlates of perceptual learning in a coherent-motion detection paradigm. Stimulus displays consisted of four patches of moving dots briefly (500 ms) presented simultaneously, one patch in each visual quadrant. The coherence level was varied in the target patch from near threshold to high, while the other three patches contained only noise. The participants judged whether coherent motion was present or absent in the target patch. To guarantee central fixation, a secondary RSVP digit-detection task was performed at fixation. Over six training sessions subjects learned to detect coherent motion in a predefined quadrant (i.e. the learned location). Half of our subjects were randomly assigned to the feedback group, where they received informative feedback after each response during training, whereas the other group received non-informative feedback during training that a response button was pressed. We investigated whether the presence of informative feedback during training had an influence on the learning success and on the resulting BOLD response. Behavioral data of 24 subjects showed improved performance with increasing practice. Informative feedback promoted learning for motion displays with high coherence levels, whereas it had little effect on learning for displays with near-threshold coherence levels. Learning enhanced fMRI responses in early visual cortex and motion-sensitive area MT+ and these changes were most pronounced for high coherence levels. Activation in the insular and cingulate cortex was mainly influenced by coherence level and trained location. We conclude that feedback modulates behavioral performance and, to a lesser extent, brain activation in areas responsible for monitoring perceptual learning.
Introduction
The human visual system can quickly adapt and learn to extract relevant information from briefly presented stimuli. Extensive practice at detection and discrimination tasks can lead to marked improvements in challenging perceptual tasks (Gibson, 1963; Goldstone, 1998; Seitz & Watanabe, 2005; Seitz et al., 2010; Watanabe, Náñez, & Sasaki, 2001) . The ability to detect small differences in spatial frequency (Fiorentini & Berardi, 1981; Sireteanu & Rettenbach, 1995) , orientation (Schoups et al., 1996 (Schoups et al., , 2001 , vernier offset of displaced lines (Poggio, Fahle, & Edelman, 1992) , motion direction (Ball & Sekuler, 1982) and texture discrimination (Karni & Sagi, 1991) improves dramatically within the first hours and days of practice. Visual search for a target defined by a conjunction of two or more features become more efficient with practice (Carrasco et al., 1998; Heathcote & Mewhort, 1993; Sireteanu & Rettenbach, 1995; Wang, Cavanagh, & Green, 1994) . Even more complex abilities, with a potential to transfer to other tasks, can be trained by using action video games, as has been shown by several studies over the last decade (see for example Green & Bavelier, 2012 ; for a review). Furthermore, Franceschini et al. (2013) showed that only 12 h of training were sufficient to improve reading abilities in dyslexic children.
The neural mechanisms underlying perceptual learning remain largely unknown. It has been suggested that perceptual learning involves the development of more precise neural representations of task-relevant features, allowing for improved bottom-up processing of the stimuli and less top-down attentional processing (Gilbert, Sigman, & Crist, 2001; Walsh, Ashbridge, & Cowey, 1998; Zhaoping, 2009 ). Seitz and Watanabe (2005) proposed a 'unified model' to explain task-relevant as well as task-irrelevant learning, implemented by multiple attentional and reinforcement systems relying on different neuromodulators. Search for a target defined by a single feature indicates that activations in primary visual cortex correlate with behavioral improvements (Kourtzi et al., 2005; Lee et al., 2002; Sigman et al., 2005; Yotsumoto, Watanabe, & Sasaki, 2008) . Visual search performance in challenging feature conjunction tasks improves with learning and is associated with increased activation in early visual cortex (Frank et al., 2013) .
On-line information in the form of informative feedback after each response can enhance perceptual learning in Vernier acuity tasks (Herzog & Fahle, 1997) . To determine the role of feedback in perceptual learning, we conducted an fMRI experiment in a large number of participants, who learned to detect coherent motion at a target location. Coherent motion detection is a well-established paradigm to investigate the link between motion perception and activation in area MT (e.g. Newsome & Paré, 1988) . It has also been used in a number of studies on perceptual learning phenomena (e.g. Dobres & Watanabe, 2012; Huang et al., 2007; Huang & Watanabe, 2012; Liu & Watanabe, 2012; Seitz et al., 2006; Watanabe, Náñez, & Sasaki, 2001) . Additionally it was applied to investigate the integrity of the dorsal visual stream in developmental disorders (see Grinter, Maybery, & Badcock, 2010 ; for a review) and it was recently employed to test so-called ''zooming-out'' abilities in children with autism (Ronconi et al., 2012) . Here, following the study of Yotsumoto, Watanabe, and Sasaki (2008) , we explored fMRI responses in early visual cortex and area MT+, and compared them with those higher cognitive areas in cingulate and insular cortex underlying performance monitoring.
A challenging coherent-motion detection task was performed over 30 days. Before, during and after training, participants were tested on the same task during fMRI measurements. Based on early reports of changes in visual cortex (Frank et al., 2013; Kourtzi et al., 2005; Lee et al., 2002; Sigman et al., 2005; Yotsumoto, Watanabe, & Sasaki, 2008) , we hypothesized that coherent-motion learning should lead to increased activation in early visual cortex and the motion-sensitive area MT+. In addition, feedback should modulate these learning-evoked changes in visual cortex and in higher cognitive areas that control attention (Corbetta et al., 1998; Mukai et al., 2007) and monitor performance.
Methods

Participants
A total of 24 healthy right-handed participants (21 female, mean age: 21.4 yrs.) took part in the study. All had normal or corrected-to-normal vision. None had been trained on a coherent-motion detection task before taking part in this study. Ethical approval was obtained from the local ethics board of the University of Regensburg and all participants signed an informed consent form after being consulted with respect to potential hazards of MRI.
Stimuli and task
Each participant performed six training sessions on separate days over a period of four weeks (T1 to T6, Fig. 1 ). Before, during and after training, all participants performed the same task in a 3-Tesla MRI scanner during functional MRI measurements (S1, S2, S3 in Fig. 1 ). Twelve participants were randomly assigned to the feedback group (+FB), whereas the remaining 12 participants received no feedback during training (ÀFB). Fig. 1 depicts the training and testing protocol.
During training on each trial, four patches of random-dot motion were presented briefly for 500 ms. On half of all trials all four patches contained no net directional information (i.e., noise trials) and the correct response was to indicate that no coherent motion was present. Randomly on the other half of all trials, coherent motion was presented in one of the locations (i.e., signal + noise trial). Here the correct response was to indicate the coherent motion was present. On signal + noise trials, the coherent motion was presented in the upper left quadrant and as such is referred to as the learned location. On the remaining half of trials, noise stimuli were presented in all four quadrants. Overall 840 trials were presented in three sessions. Participants signaled their responses in a yes-no speeded response to indicate the presence or absence of coherent motion on that trial. To assure central fixation throughout the experiment, participants had to perform an additional rapid serial visual presentation (RSVP) task, where a single digit was randomly presented among single letters. Participants had to indicate on occasional trials (10% of all trials) whether a digit was presented in the RSVP by pressing one of two buttons (yes/no).
During training, participants were assigned to one of two groups. In the feedback group, on each training trial each response was followed by a color change in the central fixation mark. The fixation mark changed to green on trials where the subject responded correctly, whereas it changed to red on trials where the participant responded incorrectly. The remaining participants made up the no-feedback group. During training, their response on each trial was always followed by a color change in the fixation mark to blue, thereby signaling to them that their response had been recorded but giving them no knowledge of result. Omitted or timed-out responses were indicated by a change of the fixation mark to an exclamation mark (!). Overall 2520 trials were presented in six sessions.
Training and fMRI testing were conducted on 9 separate days over a period of four weeks. Fig. 1 presents a schematic illustration of the behavioral training and fMRI testing conditions. During fMRI scanning, participants performed the same coherent-motion task. Here on half of the trials coherent motion was presented, whereas on the other trials only noise was presented. On half of the signal + noise trials coherent motion was presented in the learned quadrant (upper left), whereas on the other half of all signal + noise trials coherent motion was presented in the untrained location (lower right quadrant). During fMRI scanning no feedback was presented to both +FB and ÀFB groups. Thus the effect of feedback during training was evaluated on perceptual learning without providing feedback during the fMRI test sessions.
Stimulus generation and presentation
Stimuli were programmed in Presentation (Neurobehavioral Systems Inc.). Stimulus displays were viewed on a luminance-calibrated monitor (19 inch CRT Trinitron, Sony) driven by an ATI RADEON X300/X550 graphics card during training. White dots (luminance: 106 cd/m 2 ) were presented on a dark (1 cd/m 2 ) background during training. During the fMRI experiments, the stimuli back-projected onto a translucent circular screen ($30 deg diameter), located at the back of the scanner. Here the white dots had a luminance of 193 cd/m 2 and were presented on a dark (1.7 cd/m 2 ) background. The participants viewed the screen via a head Fig. 1 . Time course of learning. The first fMRI session (S1) was followed by four training sessions (T1-T4). After the second fMRI session (S2) there were additionally two more training sessions (T5, T6) before the last fMRI session (S3) was conducted. Feedback was only given to the +FB group during training sessions T1-T6.
coil-mounted mirror (viewing distance: 63 cm) during fMRI measurements. All measurements were made in a dark room, where the only light emitted was from the monitor (training) or projector (fMRI).
Structural and functional MRI measurements
Data were acquired using an event-related design. Each trial lasted 5 s and an inter-trial interval was varied from 3.5 to 4 s to introduce temporal jitter. MRI scanning was performed with a 3-Tesla Allegra head scanner (Siemens, Erlangen, Germany) and a one-channel head coil. Functional whole-brain images were acquired interleaved with a T2 * -weighted gradient echo planar imaging (EPI) sequence (time-to-repeat, TR = 2 s; time-to-echo, TE = 30 ms; flip angle, FA = 90°) consisting of 34 transverse slices (voxel-size = 3 Â 3 Â 3 mm; inter-slice gap = 0.5 mm; field of view, FOV = 192 Â 192 mm) . In addition, we collected a high-resolution structural scan (160 sagittal slices each) with a T1-weighted, magnetization prepared rapid gradient echo (MP-RAGE) sequence (TR = 2.25 s, TE = 2.6 ms, FA = 9°, voxel size = 1 Â 1 Â 1 mm, no inter-slice gap, FOV = 240 Â 256 mm). The sequence was optimized for the differentiation of grey and white matter by using parameters from the Alzheimer's Disease Neuroimaging Initiative project (http://adni.loni.ucla.edu/).
Behavioral data analysis
We calculated d 0 as an index of discriminability of the coherent motion. In cases where the false alarm rate was zero or the hit rate was equal to one, we added 0.005 or À0.005 to avoid the problem of infinite values of d 0 (Kadlec, 1999) . For statistical analyses of d 0 and reaction times we conducted the ANOVAs with the withinsubjects factors Coherence Level (seven levels for training, 5 levels for test sessions), Quadrant (trained or untrained), the Sessions (either 1-6 for training or 1-3 for fMRI) and the between subject factor Group (with +FB or without ÀFB feedback during training) for the training and the test session independently. For analysis of reaction times the factor Hits/False Alarms was additionally considered. We also analyzed the response bias log(beta) applying Log beta ¼ log f S ðlambdaÞ À log f N ðlambdaÞ;
with f S (lambda) being the hit rate and f N (lambda) being the false alarm rate each at criterion lambda (Wickens, 2002) . Changes in d 0 were analyzed for the within-subject factors coherence level and session, as well as for the between-subject factor Group in a 7 Â 6 Â 2 ANOVA for the training sessions. For the test sessions the factor Quadrant (trained, untrained) was also included in the analysis leading to a 5 Â 3 Â 2 Â 2 ANOVA. We also conducted an ANOVA with respect to changes in the response bias over training and test sessions for the two groups.
For the analysis of reaction times we performed a 2 Â 2 Â 6 repeated-measures ANOVA for training sessions and a 2 Â 2 Â 3 AN-OVA for the test sessions with the between-subjects factor Group and the within-subjects factors Session, as well as the additional factor Hits/False Alarms. For the test session there was also an additional ANOVA of the factors Quadrant, Session and Hits/False Alarms (2 Â 3 Â 2).
Performance on the RSVP fixation task was tested against chance levels with a two-tailed t-test.
For all comparisons, we corrected for violation of sphericity assumption if necessary by using Greenhouse-Geisser correction (p < .05). All statistical tests were conducted using PASW 21 for Windows.
MRI data analysis
MRI data analysis was performed with Statistical Parametric Mapping 8 (Wellcome Center of Neuroimaging, London: http:// www.fil.ion.ucl.ac.uk/spm/). First we conducted a temporal interpolation of the functional data using the slice time function in SPM8. Afterwards a motion correction over all sessions was applied to the functional images followed by co-registering each participant's structural brain scan of the first training session to the functional images. Then images were normalized to the MNI space, re-sampled to a 2 Â 2 Â 2 mm resolution and smoothed with a three-dimensional Gaussian kernel (full-width at halfmaximum = 8 mm).
In the first-level statistical design different coherence levels (5%, 10%, 12%, 20%, 50% coherence) for each quadrant (trained or untrained) and each session were modeled separately and then convolved with the hemodynamic response function. Incorrect trials as well as random-noise trials (correct rejections) were excluded from the analysis.
For a region-of-interest (ROI) analysis the SPM toolbox Marsbar was applied (Brett et al., 2002) . To define ROIs in early visual processing areas in each subject individually we used separate functional localizers for the primary visual cortex (V1) and the motion-sensitive cortex (MT+). The retinotopic representation areas of the trained and untrained quadrant were determined by stimulating all four visual quadrants successively for 20 s with flickering (8 Hz) checkerboard stimuli, which had the same dimension and location as the stimulus in this quadrant in the main experiment. In a GLM analysis we modeled four regressors for the four quadrants respectively. Individually weighted T-maps for contrasts trained quadrant > all other quadrants and untrained > all other quadrants were calculated. A sphere of 5-mm radius was placed on the voxel with the highest t-value of the resulting cluster. These spheres served as ROIs for calculation the precent signal changes in the primary visual representation areas of the trained and untrained stimulus location in the visual cortex.
To localize the motion-sensitive area MT+ we presented random moving and static dots for 10 s alternately separated by fixations periods of 10 s. In the GLM analysis two regressors for moving and static dots were modeled and then contrasted (moving dots > static dots) for each subject resulting into activation peaks in the left and right middle temporal cortex. Afterwards a sphere of 5-mm radius was placed at the voxel with the highest t-value in each of these two clusters. The resulting ROIs are thought to represent the motion-sensitive area MT+ and were used for later calculation of the percent signal changes.
In addition to early visual areas we were interested in areas that are involved in higher cognitive processes such as attention, decision making and task monitoring. We expected to find differences in activation in these areas because training with or without feedback should modulate activity in this network.
To localize brain areas underlying higher-level control of training and feedback processing, we conducted a first-level statistical model for each subject with separate regressors for correct (hits, correct rejection) and incorrect (false alarms) trials. This analysis was conducted for trials where the stimulus was presented in the trained and untrained quadrant, separately for each session. We calculated the contrast ''correct and incorrect trials'' > baseline pooled over quadrants, for each subject separately. At second-level we performed an analysis to define clusters that exhibited voxels with significant activation. Only clusters surpassing a t-value of t = 5 (uncorrected for multiple comparisons) on voxel level with 100 voxels or more were considered in the ROI analysis. Resulting clusters were located in visual cortex (lingual gyrus, calcarin sulcus, fusiform gyrus), in sensorimotor areas (pre-and postcentral gyrus, inferior parietal gyrus), the insular cortex and the cingulate cortex (see Table 1 ). Active brain areas were labeled with anatomical loci and Brodmann areas by using XJVIEW (http://www.alivelearn.net/xjview8/) with the AAL-database (Tzourio-Mazoyer et al., 2002) . For the anatomical classification we used only the peak voxel location for each cluster.
For the subsequent ROI analysis only the insular cortex and the anterior cingulate cortex were considered since these areas are thought to be involved in salience processing and error detection, which both might be depend on the presence of feedback during training (e.g. Menon & Uddin, 2010) . ROIs were localized by placing a sphere of 5 mm radius centered on the voxel with the highest tvalue in the respective cluster.
The percent signal change for all coherence levels in each quadrant for the groups that trained with and without feedback for the three test sessions was calculated for every subject in every ROI separately. The remaining fixation period served as baseline. To calculate main effects and interaction effects, a repeated-measurement ANOVA was conducted by using a 2 Â 3 Â 2 Â 5 factorial design including the between-subjects factor Group (with and without feedback during training) and the within-subject factors Session (before, during, after training), Quadrant (trained or untrained) and Coherence Level (5%, 10%, 12%, 20% and 50% in test sessions). Greenhouse-Geisser correction was used to adjust for sphericity violations (p < .05). Statistical significance was determined by a p-value of <.05.
We performed a correlation analysis between percent signal change and detection sensitivity (d 0 ) for every coherence level. Linear fits were calculated using data points of all three sessions for feedback (+FB) and no-feedback (ÀFB) groups separately to reveal the dependency between brain activity and sensitivity over time. Correlations were applied to normalized values for sensitivity and percent signal change for each subject to eliminate baseline differences across subjects. For calculation of Pearson correlation coefficients we used the CORRCOEF function of MATLAB 2012b.
Data from one subject in the group that trained with feedback had to be completely excluded from the ROI analysis since MT could not be determined in the localizer. Data from this subject are, however, included in behavioral data analysis. Fig. 2A presents the behavioral results for the six training sessions. We calculated d 0 as an index of discriminability of the coherent motion over all training sessions. The parameter is the coherence level on signal + noise trials, which varied from 3% to 50% (see inset). The results are presented for the group with feedback during training (left panel, +FB) and for the group that received no informative feedback during training (right panel, ÀFB). As expected a repeated-measures ANOVA showed a significant main effect of Coherence Level [F(1.527, 33.593) = 67.0, p < .001], as well as a significant main effect of training Session [F(2.376, 52.273) = 15.7, p < .001]. Both groups showed significant learning for all coherence levels (significant slope of d 0 versus session fits, calculated for each participant) except for the lowest coherence level of 3%.
Results
Behavioral results
Training sessions
The interaction between the factors Coherence Level and training Session is also highly significant [F(30, 660) = 4.78, p < .001], suggesting that the effect of training was more pronounced for the highest coherence level in the feedback group (+FB). The group without feedback (ÀFB) during training showed a similar learning effect. A significant interaction between the effects of Group and Coherence Level [F(1.527, 33.593) = 5.19, p = .017] points to modest differences in d 0 in these two groups, owing mainly to the high performance of the +FB group for the 50% coherence level.
The analysis of response bias showed a significant main effect of Group [F(1, 22) = 12.37, p = .002], i.e., the group with feedback was more liberal and the group without feedback was more conservative. There was no significant effect of Session, but there was a significant interaction between the factors Group and Session [F(1.881, 41.39) = 3.89, p < .03]. Since the coherence level was presented in a random sequence within each session, the response bias can only be estimated on a session basis.
In the reaction times analysis a 2 Â 6 Â 2 ANOVA (Hits/False Alarms Â Session Â Group) revealed significant main effects for the factor Session [F(3.352, 73 .753) = 38.29, p < .001] and the factor Hits/False Alarms (F(1, 22) = 32.6, p = .001], indicating that participants responded faster with increasing practice and were faster on signal trials with hits than on noise trials with false alarms. There was also a significant interaction between the factors Hits/False Alarms and Group [F(1, 22) = 7.262, p = .013] as well as between Session and Group [F(3.352, 73 .753) = 3.387, p = .019]. These results indicate that reaction times depend on the extent of training and the effect of training was modulated by feedback.
The results of the RSVP fixation task indicated a significant t-value (t = 3.81, df = 143, p < .001), indicating that the participants could successfully perform the digit detection task at fixation.
fMRI (test) sessions
A four-factorial repeated measurement ANOVA (2 Â 5 Â 3 Â 2) with the factors Quadrant, Coherence Level, Session and Group was applied for d
0 . There was a significant main effect for the factors Quadrant [F(1, 22) Table 1 Significant results from the fMRI analysis, which includes all voxels that were active in at least one of the three sessions (before, during, after training) or when the coherent motion stimuli were presented in one of the two quadrants (trained or untrained) for the participants who trained with or without feedback (t > 5, uncorrected for multiple comparisons, p < .001; cluster size > 100). Active brain areas were labeled with anatomical loci and Brodmann areas by using XJVIEW (http:// www.alivelearn.net/xjview8/) AAL-database (Tzourio-Mazoyer et al., 2002 Fig . 2B for the trained quadrant and Fig. 2C for the untrained quadrant. An ANOVA with the factors Session and Group for the response bias log(beta) indicated no significant effects. Differences in reaction times were analyzed using an ANOVA with the between-subjects factor Group and the within-subjects factors Session and Hits/False Alarms. The main effect of Session was highly significant [F(2, 44) = 25.7, p < .001], indicating that reaction times decreased with increasing practice. The interaction between Hits/False Alarms and Session was also significant [F(2, 44) = 3.78, p = .03], indicating that correct responses on signal trials were faster than false alarms. The interaction between Session and Quadrant revealed a significant effect [F(1.258, 27.674) = 33.3, p < .001]. The results are summarized in Table 2 .
fMRI results
We conducted ROI analyses for the retinotopic representation areas in V1 for the trained and untrained quadrant, for left and right MT+ and for the higher cognitive areas insula and cingulum. For each of these areas we performed an ANOVA with the factors Group, Quadrant, Session and Coherence Level. The results of these analyses are summarized in Table 3 .
Early visual areas
In the retinotopic projection zone for the trained quadrant (upper left visual quadrant) is located in right visual cortex (V1 right). As expected, when the coherent motion stimulus was presented in the trained quadrant, the percent signal change was higher for that quadrant [F(1, 21) = 6.98, p = .019]. The results also indicate that the fMRI percent signal change increased over the three test sessions [F(2, 42) = 4.27, p = .021], pointing to an effect of learning (Fig. 3) . The interaction between quadrant and coherence level [F(2.8, 58.55) = 3.22, p = .032] points to the expected effect of magnitude of motion coherence on V1. The retinotopic projection zone of the untrained quadrant (lower right quadrant) was located in V1 left. In a similar fashion we found a significant main effect of Quadrant and an interaction effect between the factors Quadrant and Coherence Level. Again, these effects reflect the coherent-motion, stimulus-evoked response in MT+, the increase in MT+ activity with increasing motion coherence and training experience. The results of these ANOVAs are summarized in Table 3 .
Higher cognitive areas
Responses in cingulate cortex revealed a significant main effect of Quadrant [F(1, 21) = 11.36, p = .003] and Coherence Level [F(4, 84) = 3.3, p = .015]. This effect indicates that the percent signal change in this region is higher when the coherent motion stimulus is presented in the trained quadrant. The significant effect of motion coherence level reflects the differences in the processing associated with task difficulty: low motion coherence is associated with higher activation, whereas high coherence is associated with low activation. We also observed a significant interaction between the factors Quadrant and Group [F(1, 21) These findings indicate that the insula was more active when the coherent motion stimulus was in the trained quadrant and it had a low coherence level.
The correlation between normalized values for d 0 and percent signal change showed a negative correlation for 5% coherent dot motion in the retinotopic projection zone of the trained quadrant in V1 (r = À.48; p = .005), in the cingulate cortex (r = À0.386; p = .027) and in the right insular cortex (r = À.475; p = .005) for the group with feedback. In the same group a negative correlation was also found for the sensitivity to 12% coherent dot motion in the cingulate cortex (r = À.399; p = .021) and the left insular cortex (r = À354; p = .043). Positive correlations were evident for sensitivity to 20% coherent dot motion in the left (r = .47; p = .006) and right (r = .586; p < .001) motion sensitive area MT and for sensitivity to 50% coherence in the right MT area (r = .523; p = .002) in the group with feedback (Table 4) .
In the group without feedback a positive correlation between normalized BOLD percent signal change and sensitivity for the condition with 10% coherent dot motion was observed in the right MT area (r = .433; p = .008). Correlations were also significant for the 12% coherent dot motion condition in the right area MT (r = .344; p = .003), in the cingulate cortex (r = .386; p = .02), and in the left (r = .403; p = .015) and right (r = .425; p = .01) insular cortex. In the same group the ability to detect 20% coherent dot motion correlated positively with the BOLD signal, in the retinotopic projection zone of the trained quadrant in V1 (r = .486; r = .003), in the left (r = .542; p = .001) and right (r = .709; p < .001) area MT, as well as in the cingulate cortex (r = .344; p = .04; see Figs. 6 and 7).
Discussion
Over a period of 30 days, participants trained to perform a challenging coherent-motion detection task. Their performance im- Table 2 Summary of significant results of ANOVAs (main effects and interactions) for d 0 , log(b) and reaction times. Changes in d 0 were analyzed for the effects of the between-subjects factors Coherence Level, Session and Group in a 7 Â 6 Â 2 ANOVA during training sessions. A similar analysis was performed for the response bias log(b) pooled over all coherence levels. For the analysis of reaction times we performed a 2 Â 2 Â 6 repeated measurement ANOVA for training sessions and a 2 Â 2 Â 3 ANOVA for the test sessions with the factors Session and Group for Hits/False Alarms. For the test session there was also an additional ANOVA for the factors Quadrant, Session and Hits/False Alarms (2 Â 3 Â 2). proved markedly over the training period, consistent with earlier reports (Carrasco et al., 1998; Frank et al., 2013; Heathcote & Mewhort, 1993; Sireteanu & Rettenbach, 1995) . We examined the effects of informative feedback during training and explored how feedback during training affected brain activity measured in fMRI before, during and after training. Performance increased and reaction times decreased significantly with training and the slope of this change depends on the signal coherence level. Performance increased most for medium-to-high levels of motion coherence. Performance increased and reaction times decreased significantly with training for the group with feedback as well as for the group without feedback. The significant main effect of coherence level on performance, as well as the significant interaction between coherence level and session indicate that the increase in Table 3 Summary of significant results of an ANOVA (main effects and interactions) for % signal changes in the primary visual cortex (retinotopic projection zone of the trained and untrained quadrant), MT+, insular cortex, and cingulate cortex. Within-subject factors were Coherence Level (5-50%), Quadrant (trained or untrained) and Session (before, during, after training). The between-subject factor was Group (+FB, ÀFB). Fig. 3 . Results from the ROI analysis of BOLD responses for the primary visual cortex in retinotopic representation area of the trained (panel A) and the untrained (panel B) quadrant. The percent signal change is presented over sessions for the different motion coherence levels (symbols). The dot-dashed line represents the mean % signal change over all coherence levels. The continuous line reflects the mean % signal change for the high coherence levels (20% + 50%; easy trials) while the dotted line shows the mean % signal change for low coherence levels (10% + 5%; difficult trials). Abbreviations: +FB = group that trained with feedback during training; ÀFB = group that trained without feedback during training. Error bars represent ±1 standard error of the mean values pooled over different coherence levels for each participant.
Main effects Interactions
performance with training depended on task difficulty. Performance increased most for medium-to-high levels of motion coherence, while the condition with 3% coherence showed no significant learning effect in both feedback groups.
While feedback had no significant main effect on performance (d 0 ) and learning (change in d 0 with training), there was a significant interaction with coherence level. Learning progress was most pronounced for the feedback group for the medium-to-high coherence levels. The group without feedback, on the other hand, showed a tendency to exhibit steeper learning curves for low coherence levels than the group with feedback (p 6 .05 in onesided t-tests for 5% and 10% coherence). It appears that feedback could have had a somewhat aversive effect on learning for nearthreshold patterns of motion coherence, where task difficulty was highest.
Overall performance levels also increased over the three fMRItest sessions for both groups. We also observed a location-specific effect with overall lower performance rates in the untrained quadrant for both groups, consistent with earlier findings on the location specificity of perceptual learning (e.g. Karni & Sagi, 1991; Schwartz, Maquet, & Frith, 2002) . The significant interaction effect between the factors Quadrant and Coherence Levels (see Table 2 ) hints at a transfer of learning modulated by task difficulty, as e.g. proposed by the reverse hierarchy model of perceptual learning (Ahissar & Hochstein, 2004) . For lower coherence levels (5%, 10%, 20%) performance differed significantly between trained and untrained quadrants (p 6 .05 in one-sided t-tests), whereas the results point to a transfer of learning for the highest coherence level (50%) across quadrants.
Feedback had a significant effect on response bias during the training phase. While the group with feedback became more liberal in their response decisions over time, the group without feedback exhibited a more conservative response bias. Wenger and Rasche (2006) reported that perceptual learning led to more liberal response biases. In contrast, our findings point to a significant interaction between the effects of Group and Session during training, indicating that feedback modulates the effect of perceptual learning on response bias. We gave no feedback during the fMRI test sessions. Interestingly, the effects of feedback on response bias during training did not carry over to the fMRI test sessions.
Reaction times declined over training, as well as over the three fMRI-test sessions, with faster responses for hits compared to false alarms. This effect was more pronounced in the group without feedback. As has been shown by others (e. g. Fahle & Edelman, 1993) reaction times decline with increasing training practice. Herzog and Fahle (1997) explored the effects of trial-by-trial feedback, block-wise feedback and manipulated feedback on a Vernier discrimination task. They found that trial-by-trial feedback led to a larger improvement in performance than the no feedback condition. They also showed that subjects who learned with trial-bytrial feedback were able to uphold their performance levels even when the feedback was taken away. Seitz et al. (2006) found significant learning in a motion direction discrimination task, when the subjects received external reinforcement (i.e. feedback), while there was no significant learning when the subjects received no external reinforcement. On the other hand, several studies (e.g. Ball & Sekuler, 1987; Fahle et al., 1995; Karni & Sagi, 1991; McKee & Westheimer, 1978; Shiu & Pashler, 1992) have shown that external reinforcement (feedback) was not explicitly necessary to observe learning. Similarly, Watanabe, Náñez, and Sasaki (2001) showed learning for a task-irrelevant, subliminal motion stimulus, in the absence of any external reinforcements. Moreover, Seitz et al. . Percent signal change is presented over sessions for the different coherence levels (symbols). The dot-dashed line represents the mean % signal change over all coherence levels. The continuous line reflects the mean % signal change for the high coherence levels (20% + 50%; easy trials) while the dotted line shows the mean% signal change for low coherence levels (10% + 5%; difficult trials). Abbreviations: +FB = group with feedback during training; ÀFB = group without feedback during training. Error bars represent ±1 standard error of the mean values pooled over different coherence levels for each participant. . Percent signal change is presented over sessions for the different coherence levels (symbols). The dashed dotted line represents the mean % signal change over all coherence levels. The dot-dashed line reflects the mean % signal change for all coherence levels, the continuous line presents the means for the high coherence levels (20% + 50%; easy trials), while the dotted line shows the mean % signal change for low coherence levels (10% + 5%; difficult trials). Abbreviations: +FB = group that trained with feedback; ÀFB = group that trained without feedback. Error bars represent ±1 standard error of the mean values pooled over different coherence levels for each participant. (2010) reported task-irrelevant learning of subthreshold stimuli in an auditory discrimination task that was on a similar scale as the effect of explicit learning of the same stimuli presented above threshold. One explanation, as outlined and tested by Seitz et al. (2006) , could be that learning is possible through internal reinforcement. In that case, easily detectable stimuli would serve as a template for stimuli that are hard to detect and thus could facilitate the learning of weak stimuli via internal reinforcement signals. We found that trial-by-trial feedback in this motion coherence detection task promoted learning progress in conditions with high coherence levels. On the other hand the group without feedback also showed learning in our study and the learning effects were even slightly more pronounced for lower coherence levels than for the group with feedback. This pattern of results might be related to the reward aspects associated with feedback: positive feedback (fixation mark turns green) was more frequent for trials with medium-to-high coherence level (i.e. less task difficulty), whereas negative feedback (fixation mark turns red) was more frequent on trials with low coherence levels. The repeated error indications on trials with high difficulty thus appears to actually impede learning. On the other hand, the learning of stimuli with low coherence levels in this study may be mediated by the presence of interleaved ''easy'' stimuli with higher coherence levels via internal reinforcement signals as proposed by Seitz et al. (2006) and Fahle and Edelman (1993) . In addition, Seitz, Kim, and Watanabe (2009) showed that humans can learn to detect oriented stimuli in noise simply by applying stimulus-reward pairing, even in the absence of awareness of the to-be-learned stimuli.
Perceptual learning has been shown to have a non-monotonic effects on activation in early visual cortex, where the BOLD signal first increases in the initial phase of learning and then decreases (Yotsumoto, Watanabe, & Sasaki, 2008) . Other studies have shown that the effect of learning also depends on the level of task difficulty (Bartolucci & Smith, 2011) . Our findings are in line with these earlier results: activation in early visual cortex first increases and then either stabilizes or slightly decreases as perceptual learning is consolidated after training. We also found that the effects of learning were most pronounced for the relatively easy tasks (with medium-to-high motion coherence), whereas it was less pronounced for difficult tasks (with low, near-threshold motion coherence levels). A prominent model of perceptual learning -the theory of attention-gated reinforcement learning (AGREL) -puts forth the idea that feedback connections between prefrontal cortex selectively up-regulates connections in early visual cortex (Roelfsema, van Ooyen, & Watanabe, 2010; Seitz & Watanabe, 2005) with a reward-based neuromodulatory signal. According to this model, during perceptual learning changes in synaptic strength only occur in those synapses that receive top-down, attention-based signals. Visual stimulation leads to activation in prefrontal cortex via feedforward connections. The neurons that dominate send feedback signals back to visual cortex leading to response enhancement. Reinforcement learning strengthens the synaptic weights that represent the critical feature or combination of features underlying the perceptual task, thereby leading to an improvement in performance. We speculate that task-related feedback can provide the necessary information to control this form of top-down control of early sensory cortex. In this way informative feedback helps to promote top-down regulation of connectivity within early visual cortex and motion-sensitive area MT+, especially for medium-tohigh motion coherence levels.
We observed a positive correlation between sensitivity and percent signal change for 20% coherent dot motion in the retinotopic projection zone of the trained quadrant in V1, which was significant in the group without feedback and marginally significant in the group with feedback (see Table 4 ). Both groups showed also a significant correlation between d 0 and BOLD signal in the left and right area MT for 20% of coherent dot motion. In the group trained without feedback this positive correlation was also present for the detection of 10% and 12% coherent dot motion in the right area MT. In contrast the group trained with feedback showed a positive correlation between d 0 and BOLD signal only for 50% dot motion coherence in right area MT which could not be observed in the group trained without feedback. Taken together these results illustrate that the BOLD signal frequently demonstrates a positive correlation with sensitivity in the trained quadrant in V1 and area MT for intermediate levels of motion coherence.
Higher cognitive areas
The results of the ANOVAs indicate significant main effects of the factors Group, Quadrant and Coherence Level on the BOLD percent signal changes in the left and Quadrant and Coherence Level in the right insular cortex ( Table 3 ). Note that there is no significant main effect of Session in left and right insular cortex, suggesting that learning did not have a systematic effect on BOLD responses in the insular cortex. The main effect of feedback during training (i.e. Group) in the right insular cortex suggests that feedback during training affected the way this cortical area responded during the test sessions, i.e. in the absence of feedback.
Interestingly a moderate effect of feedback was also evident in the correlation between BOLD response and d 0 in the insular cortex. The group that trained without feedback exhibited a positive correlation, while the group that trained with feedback showed a negative correlation for the intermediate level of motion coherence (i.e., 12%). Liu et al. (2011) associate the insular cortex with reward anticipation. Participants who trained with feedback no longer received external rewards (i.e. the symbolic encoding of correct responses via feedback) during fMRI scanning. In contrast, participants who trained without feedback appear to depend more on internal regulation of behavior, therefore leading to increasing BOLD responses in insular cortex.
The main effects of Quadrant and Coherence and their interactions in the bilateral insular cortex suggest that easy and difficult trials led to different activation depending on whether the target appeared in the trained or untrained location. While easy coherence levels tend to produce higher activation and difficult coherence levels tend to produce lower activation when the target appeared in the untrained location, the opposite pattern could be observed when the target was presented in the trained quadrant. As reported above, there was a main effect Quadrant and an interaction between the Quadrant and Coherence Level for d 0 (Table 2 ). Having this in mind the activation interaction in the insular cortex could reflect error awareness (Klein, Ullsperger, & Danielmeier, 2013) . Subjects might detect possible errors on trials with low coherence levels more reliably in the trained quadrant compared to the untrained quadrant (Harsay et al., 2012) .
Similar to that found in the insular cortex we could observe a main effect of Quadrant and Coherence Level in the cingulate cortex as well as interactions between Quadrant, Coherence and Group. Again in the untrained quadrant high coherence levels led to higher activation compared to low coherence levels, while the opposite effect was apparent in the trained quadrant. This effect was more pronounced in the group without feedback.
The enhanced activation in the cingulate cortex for difficult targets could be related to error detection and online monitoring of performance. An early study by Carter et al. (1998) showed that the anterior cingulate cortex monitors errors. In our study the influence of training might affect error detection in a similar fashion as that found in the insular cortex. In the trained quadrant error awareness might be higher for the difficult coherence levels than in the untrained quadrant. This appears to be reflected in the BOLD signal differences in the cingulate cortex.
In conclusion, we show that informative feedback during training affects performance and, to a lesser extent, brain activity, especially for medium-to-high motion coherence levels. The processing of near-threshold coherence levels appears to be less affected by the presence or absence of informative feedback during training. Feedback on signal trials where the motion coherence was low could have had an aversive effect on participants, leading to less learning.
